BACE1 (b-secretase) plays a central role in the b-amyloidogenesis of Alzheimer's disease (AD). The ubiquitinproteasome system, a major intracellular protein quality control system, has been implicated recently in BACE1 metabolism. We report that the SCF Fbx2 -E3
Introduction
The major cause of Familial Alzheimer's disease (FAD) neuropathology is associated with the increased processing of the amyloid precursor protein (APP) caused by autosomal dominant mutations (APP, presenilin 1 and 2) along the b-and c-secretase pathways (Selkoe, 2001) , resulting in increased Ab production (Nishitomi et al., 2006) . The mechanism associated with Ab generation in sporadic AD (SAD), which constitutes approximately 95% of all AD cases, is currently unknown (Corder et al., 1993; Hardy & Selkoe, 2002) . Protein levels of the b-site APPcleaving enzyme 1 (BACE1), a rate-limiting enzyme that cleaves APP at the N-terminus of the Ab domain (Vassar et al., 1999; Yan et al., 1999) , have been found to be significantly increased in the brains of SAD cases (Fukumoto et al., 2004; Yang et al., 2003) . Experimental evidence suggests that BACE1 deficiency in the brain significantly attenuates AD-type neuropathology, indicating that BACE1 inhibition could be an ideal target for AD treatment Ohno et al., 2004; Singer et al., 2005) .
The ubiquitin-proteasome system (UPS) is a major protein quality control system for intracellular protein degradation (Ciechanover & Brundin, 2003; Oddo, 2008) in which E3 ligases play an essential role in substrate recognition, ubiquitination, and degradation (Hershko et al., 2000) . Recent evidence supports the hypothesis that the UPS is involved in BACE1 degradation, coincidentally with the attenuation of Ab accumulation in the brain (Qing et al., 2004) . However, the molecular mechanisms involved in this process are currently unknown. A newly identified, neuron-specific F-box protein, Fbx2, which binds the Skp1 domain of the Skp1-Cullin-1-Fbox-forming SCF Fbx2 E3-ligase complex, has been found to specifically recognize N-glycoproteins by recognizing N-glycosylation motifs through its F-boxassociated (FBA) domain (Mizushima et al., 2004; Nelson et al., 2007; Staub & Rotin, 2006; Yoshida et al., 2002) . SCF E3 ligase complexes are well known to contribute to the rapid elimination of neuron-specific membrane proteins by promoting substrate ubiquitination (Cardozo & Pagano, 2004; Jin et al., 2003) . The great similarity of BACE1 N-glycosylation motifs with other discovered substrates suggests that BACE1 may be a potential target of the Fbx2-E3 ligase.
The transcriptional coactivator PGC-1a, a key regulator of energy metabolism, exerts potent effects on nuclear gene transcription (Puigserver & Spiegelman, 2003) . PGC-1a expression decreases significantly in aging and AD brains as part of the progression of AD dementia, and it is involved in the amyloidogenic processing of APP (Qin et al., 2009; Wu et al., 2006) . Recently, researchers have reported that PGC-1a is involved in regulating the expression of certain E3 ligase genes, such as atrogin-1 E3 ligase and FOXO3A, in cardiac and skeletal muscles (Hanai et al., 2007; Olson et al., 2008; Williamson et al., 2009) . Manipulation of atrogin-1 expression through PGC-1a affects muscle dystrophy. Thus, it would be useful to know whether the effects of PGC-1a on AD-type amyloidosis are linked with the regulation of the Fbx2-E3-ligase-mediated BACE1 degradation.
Based on this consideration, in this study, we tested the hypothesis that the Fbx2-E3 ligase would modulate BACE1 ubiquitination and degradation in the brain, which may beneficially influence AD-type amyloid neuropathology and synaptic dysfunction in the Tg2576 mouse, a well-characterized AD mouse model that demonstrates impairments in synaptic function and amyloid neuropathology comparable to those of human patients (Chapman et al., 1999; Lesne et al., 2006) . We also explored the relationship between the expression of both Fbx2-E3 ligase and PGC-1a and BACE1 degradation in the brains of Tg2576 mice and in human AD cases. Finally, using a stereotaxic injection technique, we delivered adenoviral vectors carrying Fbx2 complementary DNA (cDNA) into the brains of Tg2576 mice and observed the role of Fbx2 on BACE1 degradation and synaptic function in vivo. Our study is the first to demonstrate that the modulation of BACE1 degradation through the UPS could be a potential target for AD therapies.
Results

Fbx2 bound with BACE1 via its FBA domain
The major function of Fbx2 is to bind with neuronal membrane N-glycoproteins for ubiquitination. We tested whether Fbx2 interacts with BACE1 in mammalian cells by generating a stable human embryonic kidney (HEK293) cell line overexpressing Myc-tagged-BACE1 and by cloning FLAG-tagged full-length Fbx2 from a mouse brain cDNA library. Using this cell line, we found that FLAG-tagged Fbx2 physically bound to Myc-tagged BACE1, as assessed by co-immunoprecipitation with an anti-FLAG antibody followed by Western blot detection with an antiMyc antibody (Fig. 1A, lanes 2, 3) . We detected no noticeable binding of Fbx2 to other membrane proteins, such as APP (data not shown).
Next, we determined the physiologic relevance of this finding by assessing the endogenous binding of Fbx2 to BACE1 in mouse and human brains. Membrane fractions from brain tissue lysates were co-immunoprecipitated with a monoclonal antibody raised against mouse or human Fbx2 and probed by anti-BACE1 antibody. We found that Fbx2 and BACE1 were physically associated, as assessed by Western blot detection of Fbx2 and BACE1 from immunoprecipitated complexes in either mouse or human brains (Fig. 1B,C) .
The Fbx2 protein contains three major function domains: the FBA domain, which directly binds with N-linked high-mannose oligosaccharides; the N-terminal Pro-Glu-Ser-Thr (PEST) domain, which interacts with the C-terminus of Hsc-70-interacting domain (CHIP) (Dickey et al., 2006) ; and the F-box domain, which binds with the SCF ubiquitin ligase (Mizushima et al., 2004; Yoshida et al., 2002; Fig. 1D) . To map the binding domains of Fbx2 with BACE1, FLAG-tagged Fbx2 and variantsincluding the deletions of FLAG-Fbx2-DFBA (DC), FLAG-Fbx2-DPEST (DP), FLAG-Fbx2-DFbox (DF) and FLAG-Fbx2-DPEST ⁄ Fbox (DP ⁄ DF) domains -were transiently transfected into HEK293 cells constitutively expressing Myc-tagged BACE1. We found that only the FBA domain is required for the interaction of Fbx2 with BACE1 (Fig. 1E,F) .
Recently, Fbx2 X-ray crystallography and NMR spectroscopy had suggested that the hydrophobic pocket at the edge of the 'b-sandwich' is essential for binding Fbx2 with chitobiose moieties of N-glycans (Mizushima et al., 2004) . To verify the specific binding site of FBA for BACE1 in vitro, we transfected FLAGtagged Fbx2 variants with point mutations localized within the hydrophobic pocket at residues Y279A, W280A, and K281A of the FBA domain into HEK293 cells constitutively expressing Myc-tagged BACE1. We found that mutations at positions Lys281 and Tyr279 of the FBA domain did not interfere with BACE1 binding, whereas the mutation at position Trp280 selectively prevented BACE1 binding (Fig. 1G) , suggesting that the tryptophan residue in the hydrophobic pocket of the FBA domain is crucial for FBA ⁄ BACE1 binding. Based on this evidence, we then performed double immunofluorescence staining and confocal microscopy analysis to visualize the subcellular colocalization of Fbx2 and BACE1, which confirmed that the FBA domain and its W280 residue, but not the K281 residue, are required for this colocalization (Fig. 1P,T) .
Fbx2 was colocated with BACE1 and APP in neurons
Based on this finding of Fbx2's specific binding to BACE1, we continued to survey the subcellular distribution of the Fbx2 ⁄ BACE1 binding complex in mouse brains using sucrose-gradient ultracentrifugation separation assays from mouse brain extracts. We found that, similarly to APP, Fbx2 immunoreactive material was broadly distributed in various intracellular organelles, including early (EEA1 marker) and late (adaptin marker) endosome, lysosome (cathepsin marker). BACE1 overlaps with Fbx2, as well as APP, mainly at early endosomes (Fig. 2A, lanes 7, 8, 9) ; only trace amount of BACE1 could be identified in late endosomes and lysosomes ( Fig. 2A, lanes 1 , 2, and lanes 3, 4, respectively). A significant signal from synaptophysin (a specific neuronal marker) showed in this probe, indicating that this preparation was neuron enriched. We further probed the expression of Fbx2 in brain slices with avidin-biotin-peroxidase complex (ABC) staining (Fig. 2B) . The colocalization of Fbx2 with BACE1 in vivo ( Fig. 2C-E ) was confirmed by fluorescence 
Fbx2-facilitated BACE1 ubiquitination and proteasomal degradation
To study the physiologic relevance of the binding of Fbx2 and BACE1, we employed an in vitro ubiquitination assay system (Yoshida et al., 2002) that mimics in vivo ubiquitination conditions containing the Fbx2-E3 ligase complex. We found that Fbx2 causally increases ubiquitinated BACE1 levels (Fig. 2F , left panel), indicating that Fbx2 promotes activated ubiquitin attached to lysine residue of BACE1. The Fbx2-mediated ubiquitination of BACE1 was rather specific, as mutations of seven of its lysine residues (replaced by alanine; Costantini et al., 2007) significantly attenuated its ubiquitination (Fig. 2F, right panel) . Because the proposed function of the Fbx2 complex is specifically to recognize certain N-glycans, we then tested whether the N-glycosylation of BACE1 was required for Fbx2 binding. We found that treating lysate with PNGase-F, an amidase that cleaves between the innermost GlcNAc and asparagine residues of high mannose from N-linked glycoproteins (Yoshida et al., 2002) , significantly abolished the binding of Fbx2 to BACE1 (Fig. 2G) .
To further determine whether Fbx2 facilitates BACE1 degradation via proteasomal degradation, full-length and Fbx2 variants were cotransfected into HEK293 cells stably expressing BACE1. We found that BACE1 protein levels were significantly reduced in cells overexpressing full-length Fbx2, but not mutant Fbx2 (Fig. 3A) . The application of lactacystin, a specific proteasome inhibitor, abolished Fbx2 effects, suggesting that BACE1 degradation occurs via UPS. In parallel studies, we explored BACE1 functional activity by assessing fluorescence resonance energy transfer (FRET) using an 18 amino-acid peptide containing the Swedish mutant APP as a substrate (Vassar et al., 1999) . We found that the cleavage of the synthetic APP peptide was reduced by Fbx2, as expected (Fig. 3B) .
To investigate the effects of Fbx2 on BACE1 degradation, we constructed retroviral vectors encoding Fbx2 short hairpin RNAs (shRNAs) that target mouse Fbx2 ( Figure S1a ) and studied the effects of silencing endogenous Fbx2 on BACE1 degradation in primary neuron cultures. We found that while the endogenous Fbx2 was efficiently silenced by retroviral Fbx2 shRNA, BACE1 levels were stabilized, confirming that Fbx2 is essential for the UPS-mediated BACE1 degradation (Fig. 3C) . To further study the time course of the effects of Fbx2 on BACE1 degradation, we performed BACE1 cycloheximide chase assays using HEK293 cells constitutively expressing Myc-BACE1 and coexpressing wild-type (WT) or Fbx2 mutants. Similarly, we found that Fbx2 significantly increased BACE1 degradation over time ( Fig. 3D ; two-way ANOVA analysis for the control and Fbx2 overexpression groups, P < 0.05), and the degradation of BACE1 was abolished by lactacystin and the Fbx2-FBA mutant (Fig. 3D,E) .
Next, we further tested the role of Fbx2 in AD-type b-amyloidosis. We generated an adenoviral vector expressing Fbx2 cDNA ( Figure S1b ) and delivered it into hippocampal neuron cultures derived from Tg2576 embryos. We found that Fbx2 significantly attenuated the BACE1-mediated b-cleavage of APP, as assessed by generation of the C-terminal fragment C99 (Fig. 3F ).
PGC-1a-promoted Fbx2 gene expression and BACE1 ubiquitination
We previously reported that PGC-1a gene expression is reduced both in patients with AD and in an AD mouse model (Qin et al., ) and is involved in amyloidogenic processing of APP by repressing BACE1 gene promoter activity through the activation of PPARc (Sastre et al., 2006) . Recently, it has been reported that the SCF Cdc4 -E3 ligase is involved in PGC-1a-regulated gene expression and that PGC-1a is an important regulator of certain E3 ligase genes in cardiac and skeletal muscle (Olson et al., 2008) . Based on this consideration, we tested whether PGC-1a could influence Fbx2-E3 ligase expression and, further, whether it could influence BACE1 degradation in neurons.
We found that overexpression of PGC-1a in primary cultured neurons derived from embryonic Tg2576 mouse brains significantly increased both Fbx2 protein levels ( Fig. 4A ) and gene expression ( Fig. 4B) , as analyzed by Western blot and qRT-PCR, respectively. Conversely, silencing retroviral shRNA PGC-1a attenuated Fbx2 protein levels and gene expression (Fig. 4A,B) .
As Fbx2 facilitates BACE1 ubiquitination, we then explored whether PGC-1a also enhances BACE1 ubiquitination. Using an HEK293 cell line stably expressing Myc-BACE1 and expressing exogenous viral PGC-1a, we found that the ubiquitinated BACE1 protein levels markedly increased in PGC-1a overexpressing HEK293 cells relative to control cells (Fig. 4C ) in the presence of lactacystin, suggesting a mechanism through which PGC-1a-enhanced Fbx2 expression could facilitate BACE1 ubiquitination in the UPS.
PGC-1a-promoted BACE1 degradation via Fbx2-regulated degradation
In light of the evidence that PGC-1a increases BACE1 ubiquitination, we assessed whether PGC-1a is capable of promoting BACE1 degradation in primary neuron cultures. We found that exogenous overexpression of PGC-1a in primary neurons significantly decreased BACE1 levels (Fig. 4D ) compared to overexpression of adenoviral Green Fluorescent Protein (GFP) (control). Conversely, PGC-1a silencing by adenoviral PGC-1a shRNA neuronal infection resulted in significantly increased BACE1 levels. Treatments with lactacystin (5 lM, 4 h) blocked BACE1 degradation (Fig. 4E) , thereby strongly supporting the hypothesis that PGC-1a is involved in BACE1 degradation via the UPS. To further confirm that PGC-1a-mediated degradation of BACE1 requires Fbx2, we tested whether Fbx2 silencing using an shRNA technique would attenuate PGC-1a-mediated responses. We found that silencing Fbx2 shRNA significantly attenuated PGC-1a-mediated BACE1 degradation, again implying that PGC-1a-mediated BACE1 degradation occurs through Fbx2-mediated UPS ubiquitination (Fig. 4F ).
Fbx2 acted downstream of PGC-1a in the regulation of BACE1 degradation
To further explore the correlation between Fbx2 and PGC-1a in the degradation of BACE1, we tested whether the silencing of PGC-1a could affect Fbx2-regulated BACE1 degradation. Interestingly, we found that while Fbx2 reduced BACE1 levels in primary cortical cultures obtained from Tg2576 embryos, conversely, silencing PGC-1a using shRNA technique had no effect on BACE1 degradation in neurons overexpressing Fbx2 (Fig. 5A ). We also found that silencing PGC-1a did not change the effects of overexpressing Fbx2 on BACE1 activity (Fig. 5B) , assessed by probing full-length APP and APP b-site fragment (C99) (Fig. 5C ). This evidence strongly suggests that Fbx2 acts downstream of PGC-1a in the UPS-BACE1 degradation pathway and that the manipulation of Fbx2 expression may overcome the deleterious amyloidosis process caused by the downregulation of PGC-1a.
Fbx2 and PGC-1a expressions were altered in AD brains
Based on the aforesaid studies showing that PGC-1a promoted BACE1 degradation and induction of the Fbx2-E3 protein, we explored the association of Fbx2 and PGC-1a protein expression with BACE1 in the brains of Tg2576 mice and postmortem human AD subjects. We found that significantly reduced levels of PGC-1a (Fig. 6A ) coincided with significantly reduced levels of Fbx2-E3 ligase (Fig. 6B ) and significantly increased levels of BACE1 (Fig. 6C ) in the brains of 12-to 14-month-old Tg2576 (Fig. 6D ) compared to agematched neurologic control cases, suggesting an inverse correlation between the expression of Fbx2 and PGC-1a proteins with abnormal post-translational modification of BACE1 in AD brains. We found no significant changes in Fbx2 mRNA expression (Figure S2a) and BACE1 ( Figure S2b ) as analyzed by qRT-PCR in postmortem human AD brains, implying that, in addition to PGC-1a, other factors may be involved in Fbx2 gene expression (Kato et al., 2005) .
Exogenous Fbx2 reduced BACE1 and improved synaptic function in vivo
To further investigate whether exogenous expression of Fbx2 can reduce BACE1 protein levels and eventually AD-type amyloidogenesis in vivo, we performed stereotaxic bilateral injections of control adenoviral-GFP or adenoviral-GFP-Fbx2 virus (2 lL) into the hippocampal formations of 12-to 14-month-old Tg2576 mice and age-, gender-, and strain-matched WT littermates. We first confirmed expression of the GFP-Fbx2 construct in the hippocampus surrounding the injection site 4 weeks after injection, as visualized by GFP-fluorescent microscope . Excitingly, we found that exogenous adenoviral GFP-Fbx2 expression in the hippocampal formation of Tg2576 mice resulted in a significant attenuation of BACE1 immunoreactivity in the CA1 pyramidal layer of the hippocampal formation (Fig. 7B,D) relative to the BACE1 immunoreactive signal in the hippocampal formation of control Tg2576 mice injected with adenoviral-GFP ( Fig. 7A,C; analyzed by Student's t-test, n = 5 per group, P < 0.05, Fig. 7E ). Analysis of parallel tissue sections from the same Tg2576 mice revealed that exogenous adenoviral Fbx2 expression led to an approximate 30% reduction in Ab 1-42 peptide levels relative to the control adenoviral-GFP-treated group, as assessed by ELISA analysis (Fig. 7F) . Because reducing BACE1 levels in the brain is expected to attenuate the development of amyloid neuropathology (Nishitomi et al., 2006) , we hypothesized that Fbx2-mediated promotion of BACE1 degradation by the UPS may attenuate the deficits of synaptic function in AD. We thus assessed long-term potentiation (LTP) in the hippocampal formations of 12-to 14-month-old Tg2576 mice, an age when LTP is severely impaired in both the CA1 and dentate gyrus regions of the hippocampus (Chapman et al., 1999; Hsiao et al., 1996) . We found that compared to control Tg2576 mice, which were injected with the adenoviral GFP construct, exogenous adenoviral GFP-Fbx2 injection significantly improved the impaired LTP in the CA1 region of the hippocampus of Tg2576 mice, recorded 4 weeks after adenoviral injection ( Fig. 7G , P < 0.01). The adenoviral Fbx2 did not affect the basal synaptic transmission (Fig. 7H) . The delivery of adenoviral Fbx2 did not affect the LTP in WT littermates, and the LTP deficits in Tg2576 mice treated with adenoviral Fbx2 were nearly completely eliminated compared with those in WT control animals (data not shown). No impaired behavior was observed. These results indicated that exogenous Fbx2 expression may reduce AD-type amyloidosis through regulation of BACE1 degradation, coinciding with the rescue of AD-type synaptic dysfunction.
Discussion
We found that Fbx2-E3 ligase is crucial for UPS-mediated BACE1 degradation. In particular, we found that Fbx2 specifically targets BACE1 through its F-box domain at the early endosome, promoting BACE1 ubiquitination and degradation. Exogenous application of Fbx2 using an adenoviral gene delivery system attenuated AD-type b-amyloidogenesis and improves synaptic function in an AD mouse model. In addition, we found that PGC-1a was capable of promoting BACE1 degradation through the regulation of Fbx2 gene expression. This article largely extends our current knowledge about the molecular mechanisms underlying the regulation of BACE1 degradation by the UPS (Fig. 8) .
UPS-regulated protein quality control and BACE1 degradation
The important correlation between increases in BACE1 protein levels and increased amyloidogenesis in SAD patients, along with the failure to find efficient BACE1 inhibitors, highlights the importance of understanding the regulatory mechanisms underlying BACE1 degradation. Research has identified several proteins that interact with BACE1 and are linked with BACE1 Fig. 7 Stereotaxic injection of Fbx2 reduces BACE1 levels and improves synaptic function. Mouse brain specimens were analyzed 4 weeks after injection of either adenoviral GFP-Fbx2 or control adenoviral-GFP constructs. (A, B) Representative micrographs of the BACE1 immunoreactive signal in the CA1 pyramidal layer of the hippocampal formation of Tg2576 mice 4 weeks after injection. Boxed areas of the CA1 region shown in (A) and (B) are enlarged in (C) and (D), respectively. Arrows show BACE1 immunostaining signal. (E) Quantitative assessment of the BACE1 immunoreactive signal in (C) and (D) (n = 15 slices ⁄ group, three consecutive sections ⁄ mouse, five mice in each group; *P < 0.05). (F) ELISA determination of Ab 1-42 levels in the hippocampal formation of Tg2576 mice 4 weeks after injection. Values are expressed as means ± SEM, n = 5 per group; *P < 0.05, Student t-test relative to control adenoviral GFP injection. (G) Analysis of longterm potentiation (LTP) in the hippocampal Schaffer collateral ⁄ CA1 region of Tg2576 mice shows that Fbx2 significantly increased LTP compared with adenoviral-GFP-treated Tg mice (these experiments were interleaved with those of adenoviral-GFP-treated mice). Arrows indicate time and pattern of the tetani. All data shown are means ± SEM; n = 10 slices from five mice in each group; two-way ANOVA following post hoc analysis reveals P < 0.01. (H) Basal synaptic transmission at the connection of hippocampal slices from 12-to 14-month-old Tg2576 mice was not affected by Fbx2 4 weeks after injection (n = 10 slices from five mice in each group, two-way ANOVA; P > 0.05). (He et al., 2004) , and sorting protein-related receptor ⁄ lipoprotein receptor L (Dodson et al., 2008) . It has been suggested that the GGA3-targeted protein is ubiquitination-dependent (Puertollano & Bonifacino, 2004; Tesco et al., 2007) , and more direct later evidence demonstrated that frame mutant ubiquitin (UBB+1) greatly slows BACE1 degradation (Zhang et al., 2010) . However, the particular E3 ligases responsible for recognizing and targeting BACE1 and for initiating BACE1 ubiquitination have not yet been identified. The evidence reported here indicates that N-glycosylated BACE1 interacts with the Trp280 residue at the hydrophobic pocket of the F-box domain in Fbx2 and that the lysine residues in BACE1 are required for its ubiquitination.
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Proper BACE1 N-glycosylation, processed in the Golgi and trans-Golgi network, plays a key role in the formation of the functional BACE1 enzyme. Fbx2 recognizes the innermost chitobiose of neuron-specific N-glycan proteins through the FBA domain. We found that similar to other Fbx2 substrates, BACE1 N-glycosylation is required for Fbx2-regulated binding and ubiquitination and that the Try280 residue in the hydrophobic pocket of the FBA domain is essential for interaction with the high-mannose oligosaccharides of BACE1, suggesting that BACE1 glycosylation is not only linked with its maturation in the endoplasmic reticulum, but also is involved in BACE1 ubiquitination in the endosome. The fact that mutations in Lys281 and Tyr279 residues have no effect on in this binding, suggesting that N-glycosylation sites among these substrates are important for the substrate reorganization. In addition, Fbx2 only accelerates WT BACE1 ubiquitination but not BACE1 with lysine mutations, suggesting that the lysine residues are not only important for acetylation modification (Costantini et al., 2007) but are also crucial for ubiquitination binding (Gong et al., 2006; Wilkinson et al., 1989) .
PGC-1a-mediated signaling pathways in amyloid pathogenesis
PPARc plays an important role in repressing BACE1 gene expression by directly binding with the BACE1 promoter (Sastre et al., 2006 ). An inhibition of PPARc caused by inflammation factors, such as interleukins and interferons, increases BACE1 gene expression, providing evidence that links BACE1 increases with inflammatory reactions in AD brains (Sastre et al., 2006) . PGC1a, the transcriptional coactivator of PPARy involved in cellular energy metabolism and linked with numerous neurodegenerative diseases, has also been reported to play a role in amyloidogenic processing in the brain, though with unclear mechanisms (Qin et al., 2009; Wu et al., 2006) . Here, we found that overexpression of PGC-1a is capable of promoting BACE1 degradation through the enhancement of Fbx2 gene ⁄ protein expression and of further reducing Ab production. The gene silencing of PGC1a by shRNA did not prevent Fbx2-regulated BACE1 degradation, suggesting that Fbx2 acts downstream of PGC-1a in the ubiquitin-BACE1 degradation pathway. Our finding that the decreased Fbx2 and increased BACE1 levels in the brains of old Tg2576 mice (12-14 months of age) and in postmortem AD brains of aging humans coincide with decreased PGC-1a expression (Qin et al., 2009) further supports this hypothesis. Precisely how PGC-1a regulates Fbx2 and causes further BACE1 degradation, and which nuclear factor is involved in its expression, are not yet understood. However, the enhanced turnover of PGC1a proteins under oxidative stress conditions largely depends on the UPS (Anderson et al., 2008) , suggesting an intimate link between the PGC-1a and E3 ligases in the UPS.
Reports have identified the most potent activator of PGC-1a as the transducer of regulated CREB (cAMP response elementbinding protein) (TORC) (Kelly & Scarpulla, 2004; Wu et al., 2006) . Previously, our group reported that the cAMP-PKApCREB signaling pathway is downregulated in the AD brain and that augmenting this pathway by increasing PKA activity improves the deficits of synaptic function in an AD mouse model (Gong et al., 2004 (Gong et al., , 2006 Smith et al., 2009) . Again, our data here have consistently shown that delivering exogenous Fbx2 into the hippocampi of Tg2576 mice lessened amyloidosis and is capable of eliminating LTP deficits, supporting the hypothesis that Ab has direct toxic effects on synaptic plasticity. As CREB phosphorylation is required for the expression of certain E3 ligase genes, we speculate that some of the nuclear actions of the cAMP ⁄ PKA ⁄ CREB pathway may be involved in PGC-1a-mediated Fbx2 expression.
It has been reported that the expression of the major components in UPS and PGC-1a is downregulated in aging brains in both animal models and human subjects and that this contributes to the formation of intracellular inclusion, to deficits of neuronal energy metabolism, and to neurodegenerative diseases (Grillari et al. 2006; Drö ge & Schipper, 2007) . This work has provided insights into the mechanisms of BACE1 ubiquitination and degradation by the UPS. Thus far, the search for efficient BACE1 inhibitors to treat AD is far from successful. On the other hand, completely blocking the activity of BACE1 would bring deleterious neurologic dysfunctions (Cole & Vassar, 2007; Hemming et al., 2009) , because BACE1 also plays important physiologic roles in maintaining normal neuronal function. Our findings that upregulating Fbx2 in the AD brain can biologically reduce BACE1 levels ⁄ activity and Ab production and improve synaptic function provides a novel molecular target for the future intervention of AD, as well as other agerelated dementias.
Experimental procedures
Constructs, transfection, BACE1 HEK293 cell line, immunoprecipitation, and immunoblotting Plasmids (pcDNA3) encoding WT and domain deletions of FLAG-tagged Fbx2-full, and DF, DP, DC and DP, as well as the Fbx2 point mutations W280A, K281A, and Y279, have been described (Mizushima et al., 2004; Yoshida et al., 2002) . HEK293 cells were grown in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum [Gibco (Invitrogen), Carlsbad, CA, USA] and penicillin ⁄ streptomycin (Invitrogen). The cell line (HEK293) stably expressing BACE1 was generated by expressing Myc-BACE1 plasmid (kindly provided by Dr Puiligri) into HEK293 cells and selected with G418 at 400 lg mL )1
. Transfections were performed with Lipofectamine 2000 (Invitrogen), according to the manufacturer's protocol. Forty-eight hours after transfection, cells were lysed using lysis buffer [20 mM Tris-HCl (pH 7.4), 1 M NaCl, 1 mM dithiothreitol, 1.0% Triton X-100], immunoprecipitated using the FLAG Immunoprecipitation kit (Sigma, St. Louis, MO, USA) or the c-Myc Tag IP kit (Pierce, Waltham, MA, USA) according to the manufacturers' manuals. Proteins were probed using standard Western blotting procedures. The following antibodies were used: FLAG polyclonal (Sigma), mouse anti-BACE1 (Sigma), rabbit anti-BACE1 (Rockland Immunochemicals, Gilbert, PA, USA), anti-ubiquitin [Chemicon (Millipore), Billerica, MA, USA], mouse anti-Myc [Upstate Biotech (Millipore), Billerica, MA, USA], mouse anti-Fbx2 (Millipore) and monoclonal antiUch-L1 (Novocastra, Newcastle Upon Tyne, UK). In quantification experiments, cell extracts were usually normalized on the basis of total protein concentrations, and an equal amount of individual protein was loaded and finally normalized with b-tubulin or b-actin.
Sucrose density gradient fraction
Fresh mouse brain tissue was homogenized with PBS and centrifuged at 1700 g for 5 min, and the pellet was resuspended in lysis buffer [50 mM TrisHCl (pH 7.6), 1 mM EDTA, 10 lL of protease inhibitor cocktail (Sigma)] on ice and centrifuged at 1500 g for 5 min. The supernatant was centrifuged at 21 000 g for 30 min at 4°C. The membrane pellet was resuspended in 0.2 mL of solubilization buffer [50 mM TrisHCl (pH 7.6), 1 mM EDTA, 150 mM NaCl, 10 mM iodoacetamide, 5 lL protease inhibitor cocktail, 10 mM 3-[(3-Cholamidopropyl)dimethylammonio]-1 propanesulfonate], and a 1 mL sample was placed on the top of a centrifuge tube prepared with solutions with successively decreasing sucrose densities (15-50%) layered upon one another and centrifuged in a swinging bucket SW 50.1 type rotor (Beckman Coulter, Brea, CA, USA) at RCF av 132 000 g for 16 h and 30 min at 4°C. Twelve 1-mL fractions were collected from the top of the gradient. Equal volumes of solution from each fraction were separated on an SDS gel and subjected to Western blot analysis.
Production of adenoviral vectors
The adeno-GFP-PGC-1a and PGC-1a shRNA were kind gifts from Dr Puigserver. For the adenoviral-GFP-Fbx2, rat Fbx2 cDNA was subcloned into a pShuttle-IRES-hrGFP-2 vector [Stratagene (Agilent Technologies), Santa Clara, CA, USA], following an experimental protocol described previously (Puigserver & Spiegelman, 2003) . After it was linearized with Pme I, it was cotransfected into BJ5183 cells with pAdEasy-1 DNA plasmid. A transformation colony was selected for kanamycin resistance. Purified plasmid was transfected to AD-293 cells to produce adenoviral Fbx2 using the calcium phosphate method. Infectious adenovirus containing GFP-Fbx2 cDNA was harvested at 48 and 72 h post-transfection and concentrated by ultracentrifugation (2 h at 50 000 g) and subsequently purified on a sucrose 20% gradient (2 h at 46 000 g). Vector concentrations were analyzed by using an immunocapture p24-gag ELISA (Alliance, DuPont ⁄ NEN) following the manufacturer's instructions. The pShuttle-IRES-hrGFP-2 blank vector, used as the control, was linearized and cotransfected into BJ5183 cells with pAdEasy-1 DNA plasmid to produce the adenoviral GFP control vector. The transfection efficacy and protein expression of adeno-Fbx2 in HEK293 cells and primary neurons were characterized by fluorescence microscope and blotting using anti-Fbx2 antibody.
Retroviral Fbx2 shRNA and validation
Four shRNA sequences and a control were inserted into the pEGFP-V-RS shRNA Vector U6-shRNA expression cassette (OriGene, Rockville, MD, USA). The pGFP-V-RS Fbx2 shRNA constructs targeting different Fbx2 regions were transfected into packaging cells (Phoenix cell) at 70-80% confluence. On day two post-transfection, the media was collected and centrifuged at 2000 g for 5 min to remove cell debris. The supernatant was used directly for viral titering through infection of HEK293 cells. High-titer retroviral shRNA was used to infect HEK293 cells and primary cultured neurons. Fortyeight hours after infection, cell lysate was collected; Fbx2 levels were tested by Western blot analysis with anti-Fbx2 antibody. Cycloheximide BACE1 degradation time course FLAG-tagged Fbx2 or Fbx2 variants were transfected into a stable HEK293 BACE1 cell line grown in 100-mm dishes and starved overnight in serum-free DMEM medium. Forty-eight hours after transfection, the cells were treated with cyclohexomide (50 lg mL )1 ) at indicated time points before harvesting cells from each dish (Fig. 3D) . Harvested cells were lysed, and Myc-tagged BACE1 proteins were separated on SDS-PAGE and analyzed by immunoblots.
Primary neuron culture, BACE1 activity measurements, and quantification of amyloid peptides by ELISA
In cell culture experiments, we used fetuses at embryonic day 15 from C57 ⁄ B6J (control) or Tg2576 mice. We removed the uteruses and rinsed them in calcium-and magnesium-free Hanks buffered salt solution (HBSS) containing 0.27 mM pyruvate and 1· antibiotic cocktail [100 units mL )1 penicillin G, 0.25 lg mL
amphotericin B, and 100 units mL )1 streptomycin (Cellgro; Mediatech, Inc., Herndon, VA, USA)]. The cortex and hippocampi were dissected and then mechanically dissociated by fine-polished glass pipette after trypsin treatment, plated on six-well plates coated with poly-L-lysine and maintained in a defined serum-free medium containing minimum essential medium supplemented with glucose, albumin, pyruvic acid, antibiotics, and antimycotics. 12 day in vitro cells were used for the experiments. BACE1 activity was measured using as a substrate a secretasespecific FRET peptide conjugated with EDANS and DABCYL (EMD biology), based on the EVNLDAEF sequence of the 'Swedish' mutation in the APP, which is the BACE1 cleavage site. When the substrate is intact (i.e. uncleaved), the fluorescence from EDANS is effectively quenched by the DABCYL moiety. Cleavage of the peptide by b-secretase physically separates EDANS and DABCYL, allowing the emission of the fluorescence signal. The increase in fluorescence is measured at an excitation wavelength of 335-355 nm and an emission wavelength of 495-510 nm. The measurement of the Ab levels has been described previously (Gong et al., 2004) . Briefly, levels of Ab 1-40 and Ab 1-42 in primary cultured Tg2576 neurons infected with various adenoviral vectors were determined using sandwichtype ELISA (Biosource International, Camarillo, CA, USA). The background from control medium (transfected with the adeno-GFP vector) was subtracted from the sample values.
In vitro ubiquitination assay
Recombinant His-tagged rat Fbx2 complex and each SCF Fbx2 (FLAG-tagged human Skp1, human Cul1-HA ⁄ His-tagged rat Fbs1 derivatives, T7-tagged human Roc1) were produced by baculovirus-infected HiFive insect cells. Each SCF Fbx2 complex was obtained by simultaneously infecting four baculoviruses. These proteins were affinity-purified by a HiTrap HP Column (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Each 1 lg of WT-BACE1 or BACE1 Ala mutant was incubated in 50 lL of the reaction mixture containing ATP-regenerating system, 0.5 lg E1, 1 lg Ubc4 (E2), 2 lg SCF Fbx2 , 6.5 lg recombinant glutathione S-transferase-ubiquitin and NEDD8 system at 30°C. After the reaction was terminated by adding 25 lL of 3· SDS-PAGE sample buffer, the proteins in 8 lL of the boiled supernatants were separated with 5-20% (w ⁄ v) SDS-PAGE, and ubiquitinated BACE1 [(GST-Ub)n-GTF; higher molecular weight bands] were detected by immunoblotting with anti-BACE1 antibody (Sigma).
Mouse brain surgery and stereotaxic injection of adenoviral vectors
Adenoviral Fbx2 vectors were delivered into the hippocampus, as described previously. Briefly, mice were placed on a stereotaxic apparatus under ketamine (60 mg kg )1 ; i.p.) and xylazine (7.5 mg kg )1 ; i.p.) anesthesia to minimize discomfort, pain, and injury. We implanted 24-gauge guide cannulas bilaterally into the dorsal hippocampus (2.0 mm posterior to the Bregma, ±1.5 mm lateral from the midline, 1.9 mm beneath the surface of the skull). Mice were given at least 2 weeks to recover after cannula implantation. A total of 2 lL (1 lg lL )1 ) of adenoviral preparation was injected at a rate of 0.5 lL min )1
. To allow the diffusion of the solution into the brain tissue, the needle was left for an additional 5 min after completion of the injection. All procedures were performed in accordance with the requirements of the Animal Studies Committee at MSSM. To confirm the locations of the hippocampal injection sites, brains were fixed with 4% paraformaldehyde. Coronal sections (30 lm) were mounted on glass slides and stained with hematoxylin and eosin (HE).
Primary neuron culture, immunocytochemistry, immunohistology, and confocal analysis HEK293 cells or primary cultured neurons were washed in PBS and fixed for 20 min in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100. After being blocked in 2% BSA for at least 1 h, cells were stained with various antibodies (between 1:200 and 1:500, according to the individual antibodies) overnight in 2% BSA and 0.01% Triton X-100; cells were washed three times for 10 min each in 2% BSA and 0.01% Triton X-100; they were stained for 1 h at room temperature with goat antirabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, or goat anti-mouse IgG-TRITC (Sigma) antibody. In some samples, cells were also treated with DAPI for 5 min. For brain slices, mouse brains were infused and fixed in 4% neutral buffered formalin for 24 h; fixed brains were serially sectioned coronally at 40 lm with a vibratome and were dehydrated through a series of graded ethanol solutions to xylene. To confirm the locations of the hippocampal injection sites, the sections were mounted on glass slides and stained with HE. To verify virus infection and the BACE1 and Fbx2 probing, tissue sections were stained using the standard (ABC) method, following the company's manual (Vector, Burlingame, CA, USA). The immunostaining densities of BACE1 or Fbx2 over pyramidal layers of the hippocampal formation were quantified from approximately six to eight frames per section encompassing the hippocampal pyramidal layers, using Bioquant computer-assisted densitometry (Biometrics, Inc., Nashville, TN, USA), as previously described (Ho et al., 2001) . Data were expressed as percentages of the mean value of the control (adenoviral GFP).
Hippocampal slice preparation and electrophysiology recording
We cut 400-lm brain slices from Tg2576 mice, as well as WT littermates, and maintained them in an interface chamber at 29°C for 90 min prior to recording, as previously reported (Gong et al., 2006) . The bath solution consisted of 124.0 mM NaCl, 4.4 mM KCl, 1.0 mM Na 2 HPO 4 , 25.0 mM NaHCO 3 , 2.0 mM CaCl 2 , 2.0 mM MgSO 4 , and 10.0 mM glucose. The stimulating electrode, a bipolar tungsten electrode, was placed at the level of the Schaeffer collateral fibers, whereas the recording electrode, a glass electrode filled with bath solution, was placed at the level of the CA1 stratum radiatum. Basal synaptic transmission was assayed by plotting the stimulus voltages against slopes of field excitatory postsynaptic potentials (fEPSP). For the LTP experiments, a 15-min baseline was recorded every minute at an intensity that evoked a response of approximately 35% of the maximum evoked response. Long-term potentiation was induced using ø-burst stimulation (four pulses at 100 Hz, with the bursts repeated at 5 Hz and each tetanus, including three ten-burst trains, separated by 15 s). Two-way ANOVA followed by Bonferroni's test was used for statistical analysis. Data are means ± SEM (error bar) of the results from two independent experiments. Zhang Y, Xiong M, Yan RQ, Sun FY (2010) Mutant ubiquitin-mediated beta-secretase stability via activation of caspase-3 is related to betaamyloid accumulation in ischemic striatum in rats. J. Cereb. Blood Flow Metab. 30, 566-575.
Supporting Information
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